The incidence of prostate cancer has increased during the past 10 years, with approximately 317,000 American males being diagnosed with prostate cancer in 1996. As a result of this rising incidence rate, it is of great interest to study early detection and treatment of this disease (Chiarodo, 1991) . Improved screening programs and increasing awareness of prostate cancer have resulted in a dramatically increased overall detection rate, particularly for organ-confined tumors. However, due to the highly variable behavior of prostate cancer and the lack of appropriate tools, the complex disease patterns such as the volume, distribution, and multicentricity of prostate cancer have not been incorporated into the staging and biopsy screening. We develop a simulation system that can address this need and increase the early detection rate and deliver effective treatments of prostate cancer.
The image-guided biopsy simulation system we have developed in the first stage uses data in the form of surgical prostate specimens to reconstruct three-dimensional (3-D) computerized prostate models with accurate 3-D representations of all internal anatomical structures of the prostate (e.g., urethra, seminal vesicles, ejaculatory ducts, etc.). The prostate needle biopsy simulation system is then developed by incorporating prostate models into an interactive 3-D visualization system with various realistic imaging probes and needles for examination and path planning. We then present two specific ways this simulation system can be used. With accurate 3-D prostate models, realistic imaging probes, and needles provided by our virtual simulation system, a surgeon can sit in front of the computer to plan better needle paths and to practice the actual biopsy procedure before he or she actually performs on a patient. Also, we demonstrate that the simulation system can be used to analyze and validate the effectiveness of various biopsy techniques in prostate cancer detection and tumor volume estimation.
A computerized system for prostate needle biopsy simulation
Two key features of a successful prostate needle biopsy simulation system are (a) accurate 3-D computerized/numerical representation of the prostate's physical properties such as all anatomical structures (both geometry and dynamics) and their relationship in 3-D space and (b) interactive visualization for complex biopsy procedures such as in ultrasonic image-guided needle biopsy. We have developed a process to deliver a practical yet advanced prostate needle biopsy simulation system. Figure 1 shows the flowchart of the system building process. As we can see, data acquisition and 3-D reconstruction of prostate models are two critical steps to obtain accurate computerized models. The needle biopsy simulations (image-guided and systematic simulations) require a highly interactive visualization environment to simulate the actual complex biopsy procedures performed by urologists/surgeons. The analysis of the simulation outcomes will be used to plan a better biopsy path or validate the effectiveness of new biopsy techniques. In the following sections, we describe the reconstruction of 3-D prostate models and the biopsy simulation system in detail as well as its use in two specific tasks: image-guided and systematic needle biopsy simulation.
3-D computerized prostate models
Surgical prostate specimens from patients with biopsy-proven prostate cancer are sectioned into 4 -millimeter sections at 2.5-millimeter intervals. Each prostate specimen usually consists of 10 to 15 such slices. All slices are then digitized by using a Leafscan 45 Scanner at a resolution of 1500 dpi. Slices of each prostate specimen are aligned by a feature-based manual registration performed by pathologists using Photoshop. Finally digital images are stored on CD-ROMs as our prostate database. Contour extraction and segmentation are conducted manually by pathologists on
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Photoshop guided by microscopic section information. The regions of interest are the prostate capsule, surgical margins, urethra, seminal vesicles, ejaculatory ducts, carcinomas, and all areas of PIN. A typical slice image of the surgical prostate is shown in Figure 2 (a), and contours of the prostate surgical margin are shown in Figure 2 (b) as they are stacked in three dimensions.
Reconstruction of the prostate model is achieved by using a new deformable surfacespine model described as follows: A deformable spine (axis) of the prostate model is determined from its contours. Then all the triangular finite elements are contracted to the spine through expansion/compression forces. The surface refinement is governed Three-dimensional prostate models can be interactively visualized by the state-of-the-art graphics toolkit, object-oriented OpenInventor. With a powerful set of various kinds of lighting, 3-D manipulators, colors, material editors, and so on, we can examine the 3-D prostate model in any viewpoint and interactively walk through it to better understand relationships of anatomical structures of the prostate and its tumors. abnormality is identified. However, with small lesions, this is not an accurate technique. Thus, for diagnosis of nonpalpable lesions or of small and subtly palpable ones, ultrasound guided biopsy can be performed accurately, safely, and quickly. Transperineal biopsy and transrectal biopsy are two common approaches that can be used in the prostate cancer diagnosis (Rifkin, 1988) . Figure 5 (a) shows the diagram of transrectal biopsy whose procedure will be simulated. Under ultrasound guidance, the needle is placed through the guide into the lesion as shown in Figure 5(b) . Next, we show two simulation studies that use the simulation system we developed. We first describe an image-guided needle biopsy simulation implemented with a real-time imaging probe and a needle tracking system. Then we show the Step 1: Examine the prostate using the ultrasound-like probe: Different ultrasound-like imaging probes are simulated to provide axially and/or longitudinally oriented sectional images for efficiently planning needle pathways. 
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Step 2: Define the needle paths and perform simulated biopsy: Needles with or without triggers are constructed and simulated to perform actual biopsy on 3-D computerized prostate models according to the planned needle pathways (see Figures 10 and 11 ).
Systematic needle biopsy simulation. In 1989, Hodge, McNeal, Terris, and Stamey proposed the technique of six random systematic core biopsy (SRSCB) of the prostate gland. The technique has gained acceptance by urologists for detection of carcinoma of the prostate and has been very widely used since then. With the image-guided needle biopsy simulation system, we can verify the validity of the SRSCB technique in detecting prostate cancer and possibly recommend new biopsy techniques to increase the detection rate. We have implemented both SRSCB and systematic five-region biopsy technique (S5RB) (Eskew, Bare, & McCullough, 1997) in our simulation system. Figure 11 shows the biopsy sites of the two techniques, SRSCB and S5RB, and Figure 12 shows the positions of needles before and after firing.
In this simulation, we have reconstructed 55 computerized prostate models of prostate specimens taken from patients and performed biopsy techniques on them. The simulation results are shown in Figures 13 and 14 , where the detection probability of each needle can be calculated to indicate the clinical importance. Figure 15 gives the clinical stage and positive biopsy in 55 patients, whereby T1c indicates a small tumor and T2 a large one. By correlating the simulation results with clinical data such as prostate-specific antigen tests performed for detection of cancer, we can evaluate the performance of biopsy strategies for detection of prostate cancer. In addition, the prostate biopsy simulation system can show the biopsy procedure in 3-D space to record and analyze various causes of hit or miss in individual cases, as shown in Figure 16 .
Conclusion
In this article, we introduce a computerized simulation system for prostate needle biopsy using advanced image analysis and computer graphics techniques; 3-D computerized prostate models are first reconstructed from microscopic images of surgical prostate specimens. Computer simulation systems are then implemented to simulate both image-guided and systematic prostate needle biopsy techniques with interactive visualization and manipulation capabilities. With such a simulation environment, a surgeon can better plan needle paths in 3-D space to increase cancer detection rate. Simulation results on various prostate needle biopsy techniques have also demonstrated that we can validate the effectiveness of different biopsy techniques in prostate cancer detection by analyzing the simulation outcomes. The simulation system has been used in various prostate cancer research projects conducted at Georgetown University Medical Center. The simulation of different biopsy techniques has constantly improved the detection rate of cancer in its early stages as it allows the study of wide variety of cases with great variability. The accurate representation of 3-D prostate models, interactive visualization of the models, and simulation of the biopsy procedure have proven to be the key to the success of this prostate needle biopsy simulation system.
